Despite growing interest in developing cognitive training interventions to minimize the aging cognitive decline process, no studies have attempted to explore which brain regions support the application of semantic strategies during verbal memory encoding. Our aim was to investigate the behavioral performance and brain correlates of these strategies in elderly individuals using fMRI in healthy older subjects. Method: Subjects were scanned twice on the same day, before and after, directed instructions to apply semantic strategies during the encoding of word lists. Results: Improved memory performance associated to increased semantic strategy application and brain activity in the left inferior and middle and right medial superior prefrontal cortex were found after the directed instructions. There was also reduced activation in areas related to strategy mobilization. Conclusion: Improved memory performance in older subjects after the application of semantic strategies was associated with functional brain reorganization involving regions inside and outside the typical memory network.
The aging process is associated with progressive decline in cognitive abilities such as memory, attention and executive function 1, 2, 3 . Therefore, older subjects commonly experience functional and cognitive losses which can affect quality of life, social interaction, and occupational performance. More recently, there has been a great concern with benign cognitive decline and the risk for developing mild cognitive impairment (MCI) or dementia progression. As a consequence, there has been growing interest to explore non-pharmacological clinical interventions, particularly cognitive training, to minimize this process or improve some cognitive skills in older adults 4 .
Episodic memory is the most commonly affected type of memory in aging 5, 6 . The term "episodic memory" refers to a system responsible for the encoding, storing, and retrieving of personally experienced and highly temporally specific information 7 . Combined evidence from cognitive psychology, neuropsychological and functional neuroimaging studies suggested that efficient episodic memory encoding might engage information processing within specific cortical regions that provides a critical input to medial temporal cortex. Task-related fMRI studies supplied further information regarding the functional neuroanatomy of these cognitive processes. For example, engagement of portions of the dor-solateral prefrontal and the posterior parietal cortices have been reported during working memory tasks 8 , which generally modulates episodic memory performance by promoting efficient encoding through manipulation and monitoring of information to subsequent retrieval 9 . The left ventrolateral prefrontal (VLPFC) cortex has been implicated in the access to the semantic memory system in the temporal pole 10 , which is involved in modulating the depth and organization of material at encoding.
Encoding strategies, used to enhance episodic memory performance are also reduced in aging possibly due to changes in prefrontal structures and their connections with posterior cortical areas such as temporal and parietal cortex which are involved in episodic memory encoding and retrieval 11 . The participation of the prefrontal cortex (PFC) in executive strategic processes, learning and episodic memory is well documented by brain lesion and functional neuroimaging studies 12, 13 . One of the encoding strategies known to improve episodic verbal memory is semantic categorization. In typical verbal learning tasks, participants study lists of words and subsequently recall the studied items in the order they come to mind without external cues. But when the studied material is composed by lists of related words, participants have a tendency to recall semantically related items consecutively. Although differing accounts have attributed such effects to associative automatic versus strategic controlled mechanisms operating at encoding, retrieval, or both 14, 15 , this effect, named semantic clustering 16 , has been used as an index of strategic episodic learning. The left inferior prefrontal cortex (IPFC) mediates semantic processing of information 17, 18 . The dorsolateral prefrontal cortex (DLPFC) supports updating, sequencing, and monitoring operations, all features of working memory, along with attention 19 . The orbitofrontal cortex (OFC) plays an important role in initiating relevant behavior, suppressing irrelevant responses and in the early mobilization of efficient strategies in novel situations 20 . Therefore, the PFC plays an important role at the encoding, organization and strategy creation during memory functioning and this role seems to increase with age 5 . It has been suggested that older adults are less likely than young adults to use efficient strategies when performing memory tasks although this difference can be reduced by cognitive training 21 . However, direct evidence of the neural mechanisms and brain regions related to memory improvement in healthy older adults are scarce. Yet, brain imaging studies can contribute to our understanding of the aging brain. To date, only few studies have investigated the brain correlates after cognitive training in healthy older subjects. In one such study using positron emission tomography (PET), older adults' brain activity was assessed during encoding before and after the loci training − a mnemonic method to encode words which requires visualization of a series of items in familiar locations 22 . Older adults showed greater activity after training in occipitoparietal cortex related to improved performance. Using the same loci method in an 8-week cognitive training, older participants showed increased cortical thickness, as measured by magnetic resonance imaging (MRI), in the right orbitofrontal gyrus, insula, and fusiform gyrus 23 . In a functional MRI ( fMRI) study, 16 older adults received two training sessions, in different days, associating pleasantness, personal relevance, and sentence creation to encode words 21 . There was increased activity during encoding in the medial superior frontal gyrus, right precentral gyrus, and left caudate after training. Other recent studies have examined the neural correlates of cognitive training in both healthy aging and MCI subjects. In one of them, increased activation was found after a 6-week cognitive training in the MCI group encompassing a large network including the frontal, temporal and parietal regions whereas healthy controls showed mostly areas of decreased activation following training 24 . In another recent brain imaging study 25 , MCI and healthy controls were scanned as they encoded and retrieved objectlocation associations -a visuospatial memory task. Although the fMRI analyses were restricted to the hippocampus, following training, the MCI group showed increased left and right hippocampi activity at encoding and retrieval, respectively and the healthy older controls showed mainly decreased activation after training in the right hippocampus.
Despite these previous results, to our knowledge, there are no studies exploring which brain regions, particularly involving the frontal networks, are engaged during the application of semantic organizational strategies in healthy older subjects and what are their impact on memory performance. Therefore, the aims of the current study were to investigate 1 the brain correlates of semantic strategy application during verbal memory encoding in older adults using fMRI, and 2 the effects of this strategy on memory performance.
METHOD Participants
Seventeen community-dwelling healthy older adults were enrolled in the study. Participants were initially assessed by screening and standardized cognitive tests of memory, attention, executive, language and intellectual functioning, mood questionnaire, and structural magnetic resonance imaging. They were all right-handed and native BrazilianPortuguese speakers. Table 1 presents the demographic and behavioural characteristics of the participants. Average performance on all cognitive measures was within the normal range adjusted for age and education. Potencial participants were excluded if they reported history of neurological or psychiatric disease, cognitive complaints or deficits identified by the neuropsychological tests based on their norms. Exclusion criteria included the use of any psychotropic medication (except antidepressants in stable doses) within the previous 6 months, and previous or current use of illegal psychoactive drugs. In addition, the exclusion criteria included vascular lesions, hippocampus or cerebral atrophy identified by the structural MRI, uncontrolled hypertension, unstable medical conditions (i.e., diabetes, hypothyroidism, vitamin B12 or folate deficiency), and presence of any metal in their body other than dental fillings. The study was approved by the local ethics committee (CAPPesq 06/03336).
Study design and fMRI experimental paradigm participants were scanned using a block design during the encoding of word lists: 16 unrelated words (UR) and 16 semantically related words (SR) in terms of semantic categories, alternated with a fixation baseline (+) (Figure 1 ). The current paradigm was based on the California Verbal Learning Test (CVLT) 26 and validated in healthy adults and patients with brain lesions using fMRI 19, 27 . For the UR condition, the words presented were not semantically related making it difficult to apply the semantic organizational strategies. For the SR condition, the words were semantically related into four categories and were presented in a randomized mixed order ( Figure 1 ). The word lists were generated from 32 categories of words with four words in each category. The paradigm was tested extensively in pilot studies in order to develop word lists that prompted significant differences in semantic clustering. In addition, the inclusion of categories that shared "fuzzy" semantic relationships (e.g., land animals and water animals) made the task more challenging and minimized ceiling effects for clustering. Scanning was carried out twice: before and after a brief period of directed instructions and practice (30-min) to apply the semantic organizational strategies. In the first fMRI session (before the directed instructions), subjects were instructed to look at the words presented onto the screen and try to remember as many words as they could, without a specific instruction to apply any strategy. After the first fMRI session, they were taken to a different room and submitted to a training consisted of teaching them to apply semantic organizational strategies to a set of different word lists. Subjects were taught to organize a set of different word lists into categories and then to memorize and retrieve the words according to each category. The instructions for the orientation training were as follows: "Notice that the words appearing on the screen can be grouped into four different categories. By grouping the words together into these related categories, you will remember more words. For example, in this list you can group the words into body parts, land animals, cleaning supplies and water animals. The words can be grouped into four categories. Be sure and group the words together into categories this time as you learn them". Immediately after and on the same day, they were taken to the scanner and instructed to look at novel words presented onto the screen and apply the semantic organizational strategy. As in the first fMRI session, following the scan, participants were prompted to recall as many words as they could remember in any order and this measure was used as free recall. It should be noted that for all conditions including those in the first and second fMRI sessions we used novel words in order to avoid practice effects. Semantic clustering index scores were defined as consecutive recall of two words from the same category. They reflected the proportion of clustered responses out of the total possible clusters for that condition defined as [clusters/ (words recalled-categories recalled)]. Differences between scanning sessions in free recall scores and semantic clustering index were examined using a paired-sample t-test. All stimuli were visually presented on a screen and synchronized with the scanner via an optic relay triggered by the radiofrequency pulse. The presentation order of the words in each list was randomized and conditions (SR, UR) were counterbalanced within scans and across participants. Image acquisition and fMRI analysis scans were performed on a Philips 3 tesla Achieva MRI scanner (8ch head coil). The fMRI acquisition was based on T2*-weighted echo planar (EPI) images for the whole brain with the following parameters: TR=3,000 ms, TE=30 ms, 41 slices, 3 mm isotropic voxel size, FOV=240 mm and matrix 80¾78, with 94 volumes, discarding the initial four scans in each run to allow steady-state magnetization to be approached. There were two runs, each run with 32 words and a total number of words equal to 64 (all novel words). Each run lasted 282 s (4min42s), in which were collected 94 volumes covering all the brain.
FSL package (version 4.1, FMRIB Analysis Group, www. fmrib.ox.ac.uk/fsl) was used to analyze the fMRI data. Preprocessing included movement correction (MCFLIRT), spatial smoothing using a 5 mm Gaussian kernel, and spatial normalization to MNI-152 template with a 12 DoF affine registration (FLIRT). The general linear model (GLM) with residual autocorrelation correction (FILM) was applied to obtain statistical activation maps. The design matrix was composed of regressors according to the experimental conditions (SR and UR). For each condition, the haemodynamic response function in GLM was determined considering the convolution of experimental designs with a gamma function (SD=3 s, mean lag=6 s). The group activation maps and session comparisons were obtained using the mixed-effects model. Contrast images for each encoding condition (SR. fixation, UR.fixation) in the first and second fMRI sessions were created for each subject. In a preliminary analysis, the contrasts SR.fixation and UR.fixation were entered into a second-level analysis [FMRIB's Local Analysis of Mixed Effects-FLAME stage 1 28 to test if there were a main effect of list (SR, UR) or a list session (spontaneous, directed) interaction, in order to identify regions whose activation increased or decreased between sessions, more for the SR contrast than the NR contrast. There were no brain regions that showed a significant interaction or a main effect of list. Therefore, because the focus of the present study was on identifying session-related activation that are associated to strategic behaviour, the remaining analyses focused only in the contrast SR.fixation, giving the sensitivity of the SR word list in prompting measurable semantic clustering scores. These contrast images were then used for betweensessions comparisons (paired-sample t-test) in order to obtain the brain activation pattern change over time. All the statistical images were thresholded by using Gaussian random field-based cluster inference with a threshold of Z.2.3 at the voxel level and a corrected cluster significance threshold of P,0.05.
RESULTS

Behavioural results
The results shown on Table 2 indicate that subjects used significantly more verbal learning strategies after the directed instructions to apply the semantic strategies demonstrated by higher semantic clustering index scores for the SR condition (t=-4.006, p=0.001). In addition, there was a significant correlation between semantic clustering index scores after the directed instructions and the total number of words recalled only after training for the SR condition (r=0.652, p=0.002). In terms of word free recall, there was a significant change only for the SR condition (t=-3.665, p=0.002) with more words recalled after the directed instructions.
Neuroimaging results are presented in Figure 2 . Participants exhibited increased activation in the 2 nd fMRI session compared to the 1 st fMRI for the contrast SR.baseline in clusters encompassing left inferior frontal gyrus, middle frontal gyrus and precentral gyrus, left intraparietal sulcus, angular gyrus, left cerebellum and right medial superior frontal gyrus and anterior cingulate. When comparing the 1 st .2 nd fMRI, decreased activation was observed in the bilateral posterior cingulate and left precuneus, right medial superior frontal gyrus and anterior cingulate, right inferior parietal lobule and middle and superior temporal cortex, right dorsal superior frontal gyrus, and bilateral orbitofrontal cortex (Figures 2 and 3 ; Table 3 ).
Results for the UR.baseline showed increased activation in the 2 nd fMRI session in left superior frontal gyrus and precentral gyrus, bilateral precuneus and inferior parietal lobule, bilateral medial superior frontal gyrus and right anterior cingulate. Decreased activation was observed in the right superior frontal gyrus, medial orbital gyrus and anterior cingulate, bilateral lingual gyrus, left cuneus and posterior cingulate, and bilateral precuneus (Figures 2 and 3 ; Table 3 ).
DISCUSSION
The present study investigated the neural correlates of semantic strategy application during memory encoding in older adults using fMRI. The main behavioral results showed a significant increase in semantic strategy application after the directed instructions and practice to apply these strategies, suggesting that older adults are able to learn and implement efficient strategies. In addition, participants recalled more words after the directed instructions for the SR condition and there was a significant correlation between semantic strategy scores and words recalled for the SR condition, a condition where this strategy can be used. These findings are similar to the ones found in healthy adult subjects 19 and other studies using different cognitive training in elderly subjects 21, 22 and show that after a brief period of practice to apply efficient strategies older subjects can substantially improve their memory performance.
Brain imaging results for the SR condition, in which semantic processing and active organization in working memory were most demanded in relation to the UR condition, indicated increased activation in the second fMRI session compared to the first in the left inferior and middle frontal gyrus, precentral gyrus, intraparietal sulcus, angular gyrus, cerebellum and in the right medial superior frontal gyrus and anterior cingulate. These findings are in line with studies of healthy older subjects employing longer periods of cognitive training showing increased activity after training in bilateral prefrontal regions including the inferior and medial frontal gyrus 21, 23, 25 . Previous results suggested that the left middle and inferior frontal gyrus and cerebellum support young adults' verbal encoding strategies 19, 27 . In addition, there was greater activity in the right medial superior frontal gyrus and anterior cingulate. Semantic categorization strategy training has been associated to increased brain activity in the right middle and inferior frontal gyri in healthy adults 19 . Taken together these findings suggest that semantic organizational strategy application is associated with bilateral PFC increased activity regardless of age.
Decreased activation was noted in bilateral OFC, right medial and dorsal superior frontal gyrus, inferior parietal lobule, anterior and posterior cingulate, left precuneus, middle and superior temporal cortex. Here again, these results are similar to studies with healthy young adults showing decreased activation in the OFC after training or instruction to apply semantic organizational strategies 19, 27, 28 . Previous investigations indicated that the OFC mediates memory processes by mobilizing effective strategies in novel situations 18, 29 . It is possible that, after the instructions to apply the semantic strategies, this ability became consolidated resulting in OFC decreased activation. Areas of reduced activity were also found in the right DLPFC, medial frontal cortex and anterior cingulate after the instructions to apply the semantic strategies. These findings were possibly related to the reduced attentional demands after these instructions. These cerebral regions have previously been associated with attention and monitoring processes and patients with lesions in these areas are usually impaired in tasks requiring sustained attention and working memory 12 .
Participants supressed the responses of mPFC, precuneous and bilateral posterior cinulate encoding after the explicit orientation to apply the verbal learning strategy compared to the first fMRI session. In the context of task induced deactivation studies, these regions, along inferior parietal lobule, have been consistently reported as nodes of the default mode network (DMN) of the brain 30 . Although the identification of a possible DMN was originally identified as a phenomenon whereby a set of regions exhibited greater blood flow or BOLD signal during baseline resting or fixation conditions than during task performance, subsequent studies demonstrated similar patterns of results when tasks with different cognitive demands were contrasted 31 . Recent studies have shown, for example, that mPFC activity is greater during performance of a relatively easy 0-back task than a 2-back working memory task 32 , and that suppressing activity in DMN regions during working memory encoding, was predictive of subsequent better performance 33 . In our study, when an increased working memory demand was imposed by the direct application of the encoding strategy, healthy older adults exhibited a suppression of these regions (i.e. less activation). The exact nature of the DMN suppression, however, is not fully understood. The most common theoretical interpretation has been that "task-induced deactivations" reflect the occurrence of spontaneous internally directed thought processes such as autobiographical memory retrieval and internally oriented mindwandering during unconstrained baseline conditions 34 .
For the UR condition, where application of the semantic strategy proved to be difficult because the words were not related, increased activation after the directed instructions was found in the left superior frontal and gyrus, bilateral precuneus and inferior parietal lobule, bilateral medial portion of superior frontal gyrus and right anterior cingulate. It is possible that these activations were associated with the attempt of the subjects to apply the semantic strategies, even though this would prove to be difficult given that the words were unrelated. It should be noted that participants were not instructed as to which order each condition was presented.
The results of our study should be interpreted in the context of some potential limitations. First, we did not control for repetition effects in the MRI. However, in a previous work of our group 35 we adopted an approach used by Belleville and cols. 24 to evaluate the fMRI task repetition effect on brain activation using the same word-list encoding paradigm. In this study 35 the activations related to the first and second runs acquired in the first fMRI session were compared, so each subject was used as its own control. The results of this analysis demonstrated no significant brain activation changes between the runs, suggesting that repeating the task without the instructions and practice to apply the strategies did not produce measurable repetition or practice effects on brain activation. Another limitation is the lack of a placebo-control condition, which is a challenge in behavioral intervention studies.
In conclusion, the present results demonstrated the engagement of bilateral PFC and posterior areas during semantic strategy application in a verbal encoding paradigm indicating the recruitment of new, in addition to the typical memory encoding network, consistent with functional reorganization also found in healthy adult subjects 19, 21, 22 . These findings suggest that a brief period of instructions and prac-tice to apply semantic strategies are sufficient to alter older adults' brain activity and behavioural performance. Future longitudinal studies are needed to determine whether this effect persists or changes across time and if it can also be observed in patients with mild cognitive impairment and other cerebral degenerative diseases.
